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Introduction
Since the discovery of superconductivity in the or ganic metal /3 -(BE D T -T T F)2l3 at am bient pressure [1] [2] [3] , efforts in different laboratories [4] [5] [6] aim at the preparation of other promising trihalide salts of BEDT-TTF**. The final hope is the advancement of a relation between the size and the redox properties of the trihalide counterions on one side and the lat tice structure of the B ED T-TTF salts leading to distinct physical properties of the solids on the other hand. This relation can possibly be found by a systematic variation of the trihalide ions in the B ED T-TTF solids, by elucidating their structures, and finally by comparing their physical properties.
There is one m ajor electro-chemical obstacle on the route to this goal. In contrast to all other so far reported conducting salts of organic donors with counterions like C104_, BF4~, AsF6_, PF6~ etc. in the trihalides containing iodide the prim ary anode reac tion is not the oxidation of the donor but the oxida tion of the trihalide anion. This leads to further reac tions involving elem ental halogens. Especially noteworthy are symmetrization and/or other rear-rangement reactions, which finally yield solids with unexpected counterion compositions. In the follow ing we would like to point to this problem by report ing the synthesis, structure, and physical properties of two interesting trihalide salts of BED T-TTF.
E xperim ental

Preparation
BEDT-TTF [7] and tetra(rc-butylammonium)-triiodide [8 ] were obtained as described earlier, while the other tetra(rc-butylammonium)trihalides ( I -I -B r-, I -B r-I-, B r -B r -P and B r -I -B r " ) were prepared in way analogous to procedures re ported for the ammonium salts [9] . All com pounds were purified by recrystallization and identified by their elemental analyses.
Cyclovoltam m etry
A routine three electrode arrangem ent, with a saturated calomel half-cell as reference electrode and platinum sheets as counter and working electrodes, was used for the cyclovoltammogramms. The m ea surements were carried out under argon atm osphere and with tetrabutylam m onium perchlorate in abso lute methylene chloride as electrolyte.
Electrocrystallization
The crystals for the following investigations were obtained by electrocrystallization in an arrangem ent described earlier [10, 1 1 ], Tetrahydrofuran (Merck, Uvasol) was used as solvent. The symmetrical tetra butylam m onium diiodobrom ide as well as the sym metrical and asymmetrical tetrabutylam m onium dibrom oiodide were used as supporting electrolytes. The crystals were grown galvanostatically (-15 juA) with 1.25 V potential at the outer electrodes. Solely B ED T-T T F trihalides containing iodide can be grown with such a small potential. The typical other electrolyte anions (e.g. C104~) require higher poten tials for electro-deposition (at least 1.75 V). In all cases a-and ß-phases of the BED T-TTF trihalides are obtained by this procedure.
X -ray investigations
For the X-ray investigations prismatic trunks of crystals of the /3-phases (0.10x0.20x0.25 mm3) were m ounted on top of glass capillaries. Lattice para m eters were derived from the setting angles of 25 re flections (Syntex R 3 diffractom eter, monochrom ated M oKa radiation). An empirical absorption correction using xp-scans was applied for both crys tals. Details are listed in Table I .
The coordinates of the triiodide salt [12] were taken as starting values. Refinement by cascade ma trix least squares based on F, with weights w = l/a2(F) was finally carried out with anisotropic tem perature factors. In the I2B r_ salt the asymmetric anion (I-I -B r)-has its central atom on a crystallographic inversion center, and the lateral positions are statisti cally occupied by I and Br. In the refinem ent this was accounted for by inserting an "IB r" species, the scat tering factor of which was the average of I and Br. The tem perature factor for this species made it like ly, however, that the scattering power should be somewhat larger, probably due to contam ination with I3~. Trials yielded an optimum R and a reason able tem perature param eter, if the site occupation factor was set at 1.09. H positions did not show up clearly in difference Fourier maps. Those of the I2Br~ salt were inserted at calculated positions and refined in a riding model, lowering R w from 0.044 to 0.042. In the IB r2_ salt the R value did not change when calculated H positions were included. Hence they were om itted in the refinement.
Calculations were performed with the SHELXTL program package [13] on a Nova 3 com puter using scattering factors, including anomalous dispersion, from International Tables for X-ray Crystallography [14] . Plots were drawn on a Tektronix plotter with SHELXTL.
Results and Discussion
Electrochem ical investigations
BEDT-TTF shows a reversible redox step at +0.63 V (peak potential) and an additional irrevers ible oxidation at +0.94 V. The second oxidation step leads to charged particles as indicated by the appreci able polarization current at the working electrode. By using a rotating platinum disc as working elec trode (as in a polarographic arrangem ent), it can be shown that two one-electron oxidation steps occur by oxidizing the donor B ED T-TTF. Triiodide can be reduced below +0.3 V to iodide ions. Further oxidation steps at +0.4 V and + 0.7 V (peak potentials) lead back to I2~, Is-or iodine radi cals. The latter assumption could explain the follow ing fact: mixtures of the donor ET with counter ions like C104~, BF4_, PPG-, e.g., need a higher potential (by 0.45 V) for electrocrystallization than in the case of (B ED T-TTF)2l3. In our preparative two electrode arrangem ent only (B E D T -T T F)2I3 and none of the other B ED T-TTF salts could be produced with the normally used 1.25 V potential.
Space group (B E D T -T T F ).B rlB r p i (B E D T -T T F )2I -I -
One has to assume, therefore, that the production of iodine radicals is a primary step in the electrocrys tallization of (B ED T-TTF)2I3. In situ produced iodine radicals would be able to oxidize the donor or other trihalide ions in the solution. The produced BED T-TTF cations will then crystallize with I3_. In any case it seems to be clear, that the oxidation of BED T-TTF to solid radical salts in the presence of I3_ or trihalide ions containing iodine follows a dif- Table II 120 (6) ferent mechanism compared to the electrocrystalliza tion in the presence of anions like C104_, BF4_ or PF<f.
The cyclovoltagramms hint to another speciality in reactions with trihalides as counter ions. The sym metric ions I -B r-I -and B r-I -B r-both show clear oxidation peaks at +0.35 V, +0.7 V and +1.2 V. The identical diagrams indicate that both compounds are oxidized electrochemically to the same species. This finding explains the surprising fact that electro crystallization of BEDT-TTF in the presence of I -B r-I-, B r-B r-I-or B r-I -B r" yield the identi cal compound with only B r-I -B r-counterions in the crystal. It has, therefore, to be assumed that I -B r-I -is converted at least partially into B r-I -B r-during the electrolysis.
Crystallographic investigations
The two /3-phase salts (B ED T-TTF)2I2Br and (BED T-TTF)2IBr2 are isomorphous with each other and with the /3-phase of (BED T-TTF)2I3. A tom coor dinates are listed in Table II ( 
H. Endres et al. ■ Electrochem ical Crystallization o f C onducting Trihalides a) I -I -Br Salt I -I b r 2.852(1) S ( l ) -C ( 3 ) S ( l ) -C ( l ) 1.742(5) S (2 )-C (4 ) S ( 2 ) -C ( l ) 1.736(6) S (3 )-C (5 ) S ( 3 )-C (2 ) 1.743(6) S (4 )-C (6 ) S ( 4 )-C (2 ) 1.732(5) S (5 )-C (7 ) S ( 5 )
-
C ( l ) -S ( 2 ) -C ( 4 ) 95.8(3) C ( l ) -S ( l ) -C ( 3 ) C ( 2 ) -S ( 4 ) -C ( 6 ) 95.2(3) C ( 2 ) -S ( 3 ) -C ( 5 ) C ( 4 ) -S ( 6 ) -C ( 8 ) 103.2(3) C ( 3 ) -S ( 5 ) -C ( 7 ) C ( 6 ) -S ( 8 ) -C ( 1 0 ) 101.0(4) C ( 5 ) -S ( 7 ) -C ( 9 ) S ( l ) -C ( l ) -C ( 2 ) 122.9(4) S (l) C (l) S(2) S ( 3 )-C (2 ) -S(4) 115.0(3) S ( 2 ) -C ( l) -C ( 2 ) S ( 4 ) -C ( 2 ) -C ( l ) 122.0(4) S ( 3 ) -C ( 2 ) -C ( l) S ( l ) -C ( 3 ) -C ( 4 ) 117.2(4) S ( l ) -C ( 3 ) -S ( 5 ) S ( 2 ) -C ( 4 ) -S ( 6 ) 115.0(3) S ( 5 ) -C ( 3 ) -C ( 4 ) S ( 6 ) -C ( 4 ) -C ( 3 ) 128.1(4) S ( 2 ) -C ( 4 ) -C ( 3 ) S ( 3 ) -C ( 5 ) -C ( 6 ) 116.8(4) S ( 3 ) -C ( 5 ) -S ( 7 ) S ( 4 ) -C ( 6 ) -S ( 8 ) 114.4(3) S ( 7 ) -C ( 5 ) -C ( 6 ) S ( 8 ) -C ( 6 ) -C ( 5 ) 128.4(4) S ( 4 ) -C ( 6 ) -C ( 5 ) S ( 6 ) -C ( 8 ) -C ( 7 ) 119.8(5) S ( 5 ) -C ( 7 ) -C ( 8 ) S ( 8 ) -C ( 1 0 ) -C ( 9 )
127.1(7) S 
C ( l ) -S ( 2 ) -C ( 4 ) 95.0(6) C ( l ) -S ( l ) -C ( 3 ) C ( 2 ) -S ( 4 ) -C ( 6 ) 94.4(5) C ( 2 ) -S ( 3 ) -C ( 5 ) C ( 4 ) -S ( 6 ) -C ( 8 ) 103.0(7) C ( 3 ) -S ( 5 ) -C ( 7 ) C ( 6 ) -S ( 8 ) -C ( 1 0 ) 101.3(7) C ( 5 ) -S ( 7 ) -C ( 9 ) S ( l ) -C ( l ) -C ( 2 ) 122.9(10) S ( l ) -C ( l ) -S ( 2 ) S(3) -C (2) -S(4) 114.7(6) S ( 2 ) -C ( l ) -C ( 2 ) S ( 4 ) -C ( 2 ) -C ( l ) 121.6(9) S ( 3 ) -C ( 2 ) -C ( l ) S ( l ) -C ( 3 ) -C ( 4 ) 117.8(8) S ( l ) -C ( 3 ) -S ( 5 ) S ( 2 ) -C ( 4 ) -S ( 6 ) 114.7(7) S ( 5 ) -C ( 3 ) -C ( 4 ) S ( 6 ) -C ( 4 ) -C ( 3 )
128.7 ( and angles in the BED T-TTF cations are given in Table IV , Fig. 1 shows the numbering scheme. The anions are linear by symmetry. There are stacks of the cations, where the molecules along a stack are related by inversion centers. Two different modes of overlap along a stack are possible, and these are ac tually observed (Figs 2 and 3) . The more important S---S contacts occur between adjacent stacks than within a stack, giving the compounds a pronounced two-dimensional character. The pertinent interstack S---S distances are shown in Figs 2 and 3. An im pres sion of the interstack relations is given in Fig. 4 . The cation sheets are separated by layers of anions, Fig. 5 . These results differ in some details from those published for the IB r2~ salt [15] : We find a somewhat larger unit cell of V = 834.7 Ä 3, as com pared with V = 828.7 Ä 3. This is reflected in the I -Br distance, 2.764(1) Ä , slightly larger than the reported 2.702(1) Ä. The interstack S---S contacts seem to be less influenced: the shortest value, 3.557(5) Ä, com pares well with the shortest distance in [15] , 3.559(2) Ä. As to be expected, the salt with the dis ordered (I -I -B r)-anion has a larger unit cell, V = 846.5 Ä 3. The mean bond distance within the anion is 2.852(1) Ä , closer to the value in the I3_ salts, 2.912(1) Ä [15] , than to IB r2~.
The influence of the increased anion volume on the interm olecular S---S contacts is not clear-cut, however (Figs 2 and 3) . Even though most of the S---S contacts are shorter in the IB r2~ than in the I2Br~ salt, some are actually larger. Extrem e exam ples are: S(8 A )-S(7C), 3.557(5) Ä for IB r2~ and 3.588(3) Ä for I2Br, and S (4S)--S(6), 3.734(5) Ä fo r IB r2_ and 3.714(3) Ä for I2Br~. H ence the change of the anion volume does not affect all S---S contacts equally. The different anion shapes lead to slight var iations in the cation arrangem ent, with different con sequences for S---S contacts.
Besides the I2B r_-phase described here we have also found a crystal with a m odulation of this struc ture: Rows of superstructure reflections are visible on a rotation photograph around the c-axis, but not on photographs with rotation around a or b. The period of the modulation along the c-axis is most likely incommensurate with c and am ounts to about 4 .5 c -4.7c. More precise structural information could not be obtained.
Physical investigations
Thermopower measurem ents of crystals of /?-(BEDT-TTF)2IIBr and /3-(BED T-TTF)2B rIB r show an analogous tem perature dependence to that already observed for /3-(B ED T-TTF)2l3 crystals [16] . The ESR line width at room tem perature lies be tween 20-25 G auß for all /3-phases and can be used to discriminate between crystals of a-and /2-phases (line width of the a-phase 70-110 G auß). These ESR m easurem ents show a tem perature indepen dent susceptibility between 300 and 4.2 K [17] .
Due to the small size (0.3 x 0.2 x 0.2 mm) of the crystals of /?-(BEDT-TTF)2IIBr and of /?-(BED T-TTF)2BrIB r it was not possible to carry out dc conductivity m easurem ents. Nevertheless in vestigations of the ac susceptibility down to 1.3 K did not show any evidence of an onset of diamagnetic shielding currents. This result was confirmed even down to 0.1 K by C. P. H eidm ann and K. Andres [18] , indicating that none of the investigated samples of /3-(BEDT-TTF)IIBr and /3-(BEDT-TTF)BrIBr became superconducting, in contrast to sam ples of /3-(BEDT-TTF)2I3 (3) and crystals of /J-(BED T-TTF)2BrIBr investigated by Williams et al. [15] and M urota et al. [19] which became supercon ducting at around 2.5 K. A t this moment it is not clear to us w hether these different results are due to the small differences in the structure of our crystals, com pared with those reported by Williams et al. [4] ,
Conclusion
As pointed out earlier [20] electrocrystallization of BED T-TTF in the presence of trihalide ions poses a special problem: In contrast to the use of counterions C104~, R e 0 4_, AsF6~ e.g. anodic oxidation of the anions and the reactivity of the oxidation products has to be taken into account. This synthetic compli cation might explain some discrepancies reported for the structure and physical properties of some of these materials: We found an additional m odulated phase of/3-(BED T-TTF)2I2Br besides the known "regular" phase.
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